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r;' 
V surface  diffusion, a transonic  turbine with a highly  loaded  zero-suction- 

.* batic efficiency of the turbine i s  0.869 at design  specific work and  de- 

In  order  to d e t e ~ n ~ , ~ & ~ e & x m  turbine performance  of a re- 
auction in   s t a to r   so l id i ty  and at the same time maintaining  zero  suction- 

surface-diffusion  stator w p  investigated  experimentally. The per- 
formance results of the turbine show that the total-pressure-ratio adia- 

sign  speed. A comparison of the subject turbine with a turbine  using  the 
same rotor  but a lighter-loaded  stator with a 25-percent-higher so l id i ty  

perimental  accuracy, the maximum efficiencies of the two turbines were the 
same, and the mean-section  blade-loss character is t ics  were about the same 
over the'range of blade-outlet  velocities  investigated. 

m 

L indicated that at design point the  efficiencies w e r e  the same within ex- 

A three-dimensional  design  procedure  previausly used on low-reaction 
rotors w&s adapted for   s ta tors .  The  new procedure  appeared t o  be satis- 
factory  for maintaening  zero  suction-surface  diffusion. 

INTRODTKTION 

Although turbine  losses  attributable to  s ta tors  are not normally as 
high as those  of  rotors, any reduction of turbine losses by changing s ta tor  
design  characterfstics i s  important. One blade characteristic that ai- 
r ec t ly  affects the over-all loss is sol idi ty .  It would be  exgected that 
a reduction i n  stator so l id i ty  would decrease the turbine losses up t o  a 
certain  stator-blade-loading  condition, and beyond this condition  suction- 
surface-diffusion  losses would m o r e  than offset  the reduction in   l o s ses  
a t t r ibu tab le   to  a change in solidity.  Therefore, the effect on turbine 
performance of increasing the stator-blade  loadfng  by  reducing  the  eoliditg 

techniques established for  highly  loaded  low-reaction  rotors (refs. 1 and 
2) w&s investigated. This was done by comparing the performance of a tur- 

* and at the same time maintaining zero suction-surface  diffusion  by design 

.L bine using the  subject  stator with the performance of a turbine  using the 
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same ro tor  and the same design  conditions b u t  with the s ta tor  of  refer- w 

ence 3. The resu l t s  of this  investigation are reported  herein on the 
basis of turbine  over-all  efficiency,  annular-survey  results, and blade- 
loss characterist ics.  

Design  Requirements 

The design  requirements fo r  the 14-inch  cold-air  turbine  investi- 
gated  are nominally the same as those fo r  the reference  transonic  tur-. 
bines, which are as follows : 

Equivalent  specific work output,  Btu/lb . . . . . . . .  22.61 

&W@- 
Equivalent  weight flow, crl  lb/sec . . . . . . . . . . . .  11.95 < 
Equivalent t i p  speed, Ut/<, ft /sec . . . . . . . . . . . . .  597 

/ 

The synibols used In t h i s  report are defined  in appendix A. 

Rotor Design 

The rotor  used for this investigation is the most efficient-  transonic- 
turbine  rotor that haEl been  investigated i n  the present program. For the 
details of its design see reference 4. 

Design Velocity Diagrams  

The design  velocity diagrams for  the s ta tor  and rotor   are  the same 
as those of reference 4, except that the velocity diagrams at s ta t ion  2 
j u s t  ins ide  the  s ta tor  trailing edge a r e  changed because of a reduced 
trailing-edge  blockage. The new blockage at s ta t ion  2 is based on 20 
blades with  0.010-inch-thick trailing edgei  inetead  of 32 blade6 with 
0.010-inch-thick t r a i l i n g  edges. The new stator  velocity  diagram are 
shown i n  figure 1. 

Stator Design Assuqptions 

The assumptions  used t o  determine the s ta tor   veloci ty  diagrams are 
(2) free-vortex flow out of the s ta tor ,  (2) simple r a d i a l  equi l ibr ium 
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throughout  the  stator, and 13) total   pressure at s t a t o r  exit and at  chan- 

s ta tor - in le t   to ta l   p ressure .  
I ne1 exit (stations 3 and 1, respectively, in f i g .  1) equal   to  0.97 of 

Stator D e s  ign Cons iderat ions 

In order to  increase the stator-blade loading without  introducing 
other  factors that would affect  turbine performance, a selection of the 
desirable maximum loading had t o  be made. This selection W&B based on a 
surface  velocity  distribution that Indicated high velocit ies w i t h  zero 
diffusion on the  suction  surface and low velocit ies on the pressure  sur- 
face limited by a reasonale  blade  thickness. The zero-suction-surface- 
diffusion l i m i t  w a s  specified on the basis of the results of the refer- 
ence transonic-turbine  rotors , which ehowed that any amount of suction- 
surf  ace  diffusion is apparently  detrimental , especially a t  the velocity 
levels  along the suction  surface of transonic-turbine  stators and rotors. 
Figure 3 shows that, even w i t h  these suction-surface  velocity  limitations, 
high blade loading was achieved by mEaking the suctlon-surface  velocity 

and  decreasing the pressure-surface  velocity as much aa possible while 

3 
? 
L equal  to the blade-exit velocity  over much of the  suction-surface length 
$ 5  
3 e t i l l  maintaining a blade of reasonable thickness as shown in figure Z(a) . 
7 In order that a comparison  can be made of the loading of the subject  stator 

L w i t h  that of the s t a to r  of reference 3, the surface  velocity  distributions 
for   the  two s ta tors  are plotted  against the blade-surface  length  ratio 
x/2 in figure 4. The difference in the are88 enclosed by the curves of 
surface  velocity  distribution of both  stators approximates the difference 
in the  blade loading. As shown Fn figure 4, the  loading of the subject 
s t a to r  is considerably  greater  than that of the reference  stator. 

Stator Design Procedure 

I 

Ln order t o  control the surface velocit ies the three-dimensional 
rotor design procedure of reference 2 w i t h  the changes outlined in  refer- 
ence 1 was h p t e a   f o r  use on s ta tors .  III thts procedure contkui ty   across  
the   s ta tor  and equilibrium in the radial-axial plane a t  each axial sta t ion  
had t o  be sa t i s f ied .  The sat isfact ion of these two conditions plus meet- 
ing the assumed requbment of zero  suction-surface  diffusion made the 
desi- procedure an i t e ra t ive  one.  Because the present  stator  design  pro- 
cedure is slightly d-ferent from that given in  references 1 and 2 , it is 
rewritten w i t h  the changes required a.6 followe: 

(1) A blade shape  (fig.  2(a)) wa8 first approximated 88 follows: 
( E )  A so l id i ty  w a s  selected  that  was considered t o  be much low- 

er  than that of the s t a to r  of reference 3. 
(b) A straight suction surface from the channel exit t o  the 

trailing edge was drawn at an angle  equal t o  the exit flow angle %. 
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(c) The suction  surface was then drawn from the channel e x i t  
t o   t h e  approximate leading edge with l o w  curvature  near  the  channel 
ex i t  and high curva.ture  near the leading edge. 

face, the pressure swace w a s  dram f r c n p  the. trailing edge t o  the 
approximate leading edge w i t h  very l o w  curvature along the en t i re  
surf ace except for a short  length near the le&ng  edge. 

(a) A t  a distance of 1 blade  spacing away from the suction  sur- 

(2) A first approximation of the suction-surface  velocity waa as- 
sumed equal t o  the blade-outlet  velocity along the entire length of the 
suction surface at the hA,  mean, and t ip.  

(3) The pressure-surface and midchannel velocity  distributions were 
obtained from step (2) by the method given in appendix E. 

(4) The blade  surfaces were then adjusted until smooth midchannel 
and pressure-surface  velocity-distribution  curves  resulted a t  each  sec- 
t ion. 

(5) U s i n g  the result ing midchannel velocity  distribution at the t i p ,  
the blade shape was then  analyzed to  obtain the midchannel velocit ies a t  * 
the hub and mean a t  each axial s ta t ion tha t  must ex i s t   t o   s a t i s fy  simple- 
radial-equilibrium  conditions. The procedure  used t o  obtain the mid- 
channel  velocity  variation from t i p   t o  hub is given in appendix B. 1 

(6) The midchannel velocities  obtained in  step (5) were then  used 
t o  recompute the surface  velocity  distributions  at  the hub and mean. 

(7)  The weight flow across  each  orthogonal  surface  (fig. 5) from the 
i n l e t   t o  the channel exit was  then  calculated from the surface  velocities 
a t  the hub, mean, and t i p  by the method given in appendix B. 

(8) If the calculated w e i g h t  flow acldss  each  orthogonal.  surface  did 
not agree w i t h  the design w e i g h t  flow, the originally assumed suction-’ 
surface  velocity  distribution a t  the t i p  was changed and the  steps re- 
peated until the  deeign weight flow &cross  each orthogonal surface waa 
obtained. Then the  surface  velocity  distributions a t  each  blade  section 
were analyzed w i t h  regard to diffusion and blade  loading. 

‘(9) If the velocity  distributions and blade loading of step (8) did 
not meet the conditions  discussed in  Stator Design Considerations,  the 
blade shape was altered  until  the  conditions of radial  equilibrium,  conti- 
nuity,  zero  suction-surface  diffusion, high blade  loading, and almost zero 
incidence  angle w e r e  sa t isf ied.  

-$ 

(10) In step {La) the  t ra i l ing edge w m  assumed t o  be of zero  thick- 
ness;  therefore, a f in i te  trailing-edge  thiclmess of 0.010 inch was added 
on the suction-surface side of the blade, and a straight l ine  was drawn 

0 
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- tW3ent t o  the  trailing-edge  circle and the suction  surface  near  the 
channel exi t .  

Because the  resulting  trailing-edge  blockage was so small, no change 
was made elsewhere on the  blade. The resulting  blade-section  profFles 
obtained i n  the  preceding steps are  shown in figure 2 ( a )  . The coordinates . 
of each  blade  section  are  given i n  table  I. For  comparison,  the blade- 
section  passages and prof i les  of the stator of reference 3 are reprinted . 
in  this  report   in  f igure 2(b) . 

0 
* 
m aY .Ill) In order  to  obtain  the  final  blade shape the  stator-blade  pro- 

f i l e s  for the hub, mean, and t i p  were stacked s o  that  the  centers of the 
channel ex i t s  f o r  all three sections were on a radial l ine .  

Discussion of Stator Design 

A s  shown in figure 3 the  suction-surface  velocLties  within 1/2 inch 
of the  leading edge drop  below a crit ical"ve1ocity  ratio of 0.8 f o r  each 
blade  section. The reason  for this is that  the  suction-surface  curvature 

and suction  surfaces would not  diverge  rapidly at the  leading edge  and 
resul t  in a high  incidence  angle f o r  the  pressure  surface. 

. was not made too high near  the  leading edge in  order that  the  pressure 

L 

It should be noted in figure 3 tha t ,  of the  three  blade  sections, 
the t i p  is the most cri t ical   with  respect t o  diffusion  because of the 
lower reaction;  therefore,  the  suction-surface  curvature  in  the  region 
jus t  upstream of the  channel  exit  could  not  be aa high at the   t i p   a s  it 
was at the hub. Even so, the  suction-surface  length from' the  leading edge 
t o  the  channel ex i t  is approximately 1.2 inches f o r  all three  sections, 
because  the  required  turning  decreases from 66.30 at the hub t o  58.10 at 
the t i p .  

The method used for  designing  the  blade  sections  resulted in a var- 
ia t ion in the  suction-surface length damstream of the  channel  exit from 
hub t o   t i p .  In figures 3( a)  and (c)  this  length is only I. 4 inches at 
the hub and 1.9 inches a t  the  tip,  respectively. 

The three-dimensional desi- procedure  outlined had been previously 
used only on law-reaction  highly  loaded ro tors ;  therefore, it was inter-  
esting to see how well  the  procedure  could  be applied to-high-reaction 
s ta tors  such as  the  subject one. It is felt that good accuracy in pre- 
dicting  the  surface  velocities  near  the  channel  exit was obtained,  but 
toward the leadfng edge the  val idi ty  of the  surface  velocity  predictions 
became  more questionable, mainly  because of the  increase  in  the  orthogonal 
length and the  arbi t rar iness  in locating  the  orthogonal end points on the 
surfaces. However, a check of the  circulation around. the  channel from the 

1 
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leading edge t o  the channel e x i t  showed that the  calculated  circulation 
was almost 0 f o r  each blade sect.ion;  therefore, it can be assumed tha t  
the velocity  distributions are approximately  correct. Because the  blade 
wrapped around the Elnnulus about 220, coneidertible  error would have  been 
introduced  by assuming that the blade design  sections were f la t  in making 
templates for blade fabrication.  Therefore, a s p e c i d  means had t o  be 
devised for obtaining  coordinates for f la t  templates from the design 
blade s e c t b n s  that actually described the prof i les  of cylindrical  cross 
sections  of the blade. A special  transformation  for  obtaining  the f la t -  
template coordinates is discussed i n  appendix C. 

APPARATUS, INS-MION, AND PROCEDURE 

The apparatus,  instrumentation, and procedure for  calculating the 
turbine performance  parameters are the same as. those  described i n  refer- 
ence 2 and used fo r  the turbines of references 1 t o  5. A diagrammatic 
sketch of the cold-air-turbine  test r i g  is shown i n  figure 6. 

For  turbine performance tests the rotor was operated at 60, 70, 80, 
90,  100, 110, 120, and 130 percent of design speed.  For  each  speed the 
total-pressure  ratio was varied from approximately 1.4 t o   t h e  maximum 
pressure  ratio  obtainable.  Turbine-  inlet  conditions were wintained 
constant a t  nominal values of 145O F and 32 inches of  mercury absolute. 

In  order t o  study  the  operating  characteristics of the  s ta tor ,  tests 
were made w i t h  and without the  rotor in place. Radial and c i rcuderent  tal 
surveys of total   pressure,   total   temperature,  and angle were taken at 
design  conditions at s ta t ion 6 ( f i g .  6) w i t h  the ra tor  in plsck. A t  E t a -  
t ion  3 jus t  downstream of the  s t a t o r   t r a i l i n g  edge, annular  surveys of 
t o t a l  pressure and angle were @e at  design conditions and a t  one off - 
design  point a t  an ex i t  Mach  number lower than the  design  value t o  deter- 
mine the  total-pressure and  angle  variations  behind the s ta tor .  'Also, 
for  different  blade-exit   total-   to  static-pressure  ratios,  mean-section 
surveys were made t o  determine the  total-pressure prof i le  of the blade 
wake within 0.003 inch  axially of the s t a to r   t r a i l i ng  edge. 

RESULTS AND DISCUSSION 

Performance Results 

The over-all performance of the subject  trassorlic  turbine is present- 
ed in  f igure 7, which shows the  equivalent  specific work output Ah' /GCr 
as a function of the weight-flow - speed parameter €wN/< for  the  var- 
ious percentages of design  speed. Also sham on the performance map are 
contours of total-pressure-ratio  adiabatic  efficiency q. As sham by 
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- figure 7 the  efficiency  at   design work and speed is 0.869 and the maximum 
efficiency is 0.878. 

An investigation of the same turbine  rotor as used in the  subject 
investigation  with a stator of 25-percent-higher  solidity is discussed in 
reference 3. The performance map of the  reference  turbbe is given in  
figure 8 in order  that comparisons  can  be made w i t h  the  subject  turbine 
fn studying  the  effect of a reduction in s t a to r   so l id i ty  on turbine  per- 
formance. The efficiency q a t  design  specific work and  speed of the 
reference  turbine was 0.872, and the maxim efficiericy was 0.878. Thus, 

than tha t  of the  reference  turbine, which is within  experimental  accuracy; 
and the i r  maximum efficiencies were the same. This  indicates that the 
reduction in stator so l id i ty  had l i t t l e   e f f e c t  on the  design-point  per- 
f ormance. 

8 
M the  design-point  efficiency of the  subject  turbine was  only 0.003 l e s s  0, 

The efficiencies of the  eubject turbine at off-design  conditions are 
generally not quite as high  as  those for the  reference  turbine,  but  the 
difference between the  efficiencies f o r  the two turbines at a part icular  
speed and work does not exceed 0.02 over  the  entire map. 

1 

I Stator Survey Results 

The resu l t s  of detailed  total-pressure  surveys  dmstream of the 
stator t r a i l i n g  edge are  shorn  in  figure 9 as  contours of constant t o t a l  ' 

pressure. The pressure Loss along the   s ta tor   t raSl ing edge is f a i r l y  
large,  but  the loss region at the  intersection of the  suction  surface and 
the hub is even larger.  In order t o  compare these loss  regions  with  those 
of the  previously  investigated stator of reference 3, the  total-pressure- 
survey  results of the latter are given in figure 10. For the  subject  stator 
the loss region at the hub spreads  over almost three-fourths of the  blade 
spacing  as compared with  this same loss region of the  reference stator 
which extends  over  about  one-third of its blade  spacing. The width of the 
wake at the m e a n  section of each blade of the subject   s ta tor  is about  twice 
tha t  of each blade of the  reference stator. These comparisons indicate 
that  as  the  stator-blade loading increases  the wake becomes larger for each 
blade. However, counteracting  the  effect of the  increased s i z e  of the wake 
is the  Increased  size of the  f ree  stream between blade wakes. Therefore, 
the  increased  blade loading did not greatly  affect  the  percentage of free- 
stream area a,round the  entlre  annulus downstream of the stator. This  par- 
t ia l ly   explains  why the  efficiencies at design  point f o r  the  subject  tur-  
bine and the  turbfne of reference 3 are approximately  the same. 
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The resu l t s  of the radial and circumferential  surveys of t o t a l  tem- 
perature and pressure made downstream of the rotor  t r a i l h g  edge w i t h  the 
turbine  set  at design work and speed are shown in figure 11 as contoure 
of constant  local  adiabatic  efficiency qz. An a n a l p i s  of similar rotor 
surveys discussed in reference 6 compares the  rotor  survey  results of the 
transonic  turbines of references 1 and 5. As shown by  reference 6 the 
rotor  effects are Indicated  to some extent  by  the maximum value taken in 
a circumferential  direction a t  a given  radius and s ta tor   e f fec ts  by the 
min imum value.  Therefore,  the  effects of the  s ta tor  wakes are dis t in-  
guishable from rotor   effects  in the surveys amstream of the rotor. 
For this reason  the  regions of low efficiency  in figure 11 represent some 
of the effects  of s t a to r  wakes on the rotor.  For  instance, the large 
lose region a t  the upper right corner is a t t r i bu ted   t o  a large  s ta tor  w a k e  
region coming through the  rotor.  The loss region running diagonally 
across  the lower le f t  corner of f igure 11 may also-be an effect  of the 
stator  trailing-edge wake. 

In  order to compare the local  efficiency  contours of the  subject  tur- 
bine w i t h  those of reference 3, figure 5( a) of reference 3 is reprinted 
as figure 1 2  in this report. The loss regions for  the  reference  turbine 
a re  similar in location  but smaller in size  than  those  for  the  subject 
turbine. However, considering the difference i n  the spacing between 
s t a to r  wakes fo r   t he  two turbines  resulting from the  differences i n  the 
number of s t a to r  blades, the  location of the  contours of high and low 
local  efficiency can be considered as very similar. Nevertheless, a 
slight  difference between the  local  efficiency  contours can be found by 
examining the radial var iat ion in maximum a d  minimum local efficiencies 
given in figure 13. This figure indicates that the  average between the 
maximum and minimum curves is about  the same for   the two turbines; h m -  
ever, the minimum curve of the  subject  turbine is on the average some- 
what lower than that of the reference  t-urbine, and the maximum curve f o r  
the  subject turbine is on the average somewhat higher than t h a t  of the 
reference  turbine. . A s  sham in figures 9 and 10, the size of each  blade 
wake is considerably larger f o r  the subJect  stator  than for the reference 
stator,  expecially  near the hub; therefore,  considering that the s ta tor  
w a k e s  are incompletely mixed at the measuring station  behind  the  rotor, 
the  subject  turbine  with  the  larger  stator wake would be  expected t o  have 
a correspondingly lower minimum loca l  efficiency. This trend is shown 
in   f igure 13 from the hub to   t he  mean, but is not  apparent  near  the  tip. 

The high local  efficiencies  near t h e  hub i n  figure 11 show tha t  very 
l i t t l e  hub boundary layer i s  present at the  rotor exit. The local effi- 
ciencies  near the  tip Indicate that there is a thicker boundary layer at 
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. the   t ip   than at the  hub; but,  with  the  exception of the   large loss region - at t r ibutable  t o  the stator wake, the hub and t i p  boundary layers  are 
small. 

Stator-Blade Loss 

In reference 7 the  boundary-layer  pazameters a t  the mean section of 
the  subject  stator w e r e  calculated from experimental  survey data at the 
mean section. The momentum-thickness t o  chord ra t ios   S todc  for dif- 
ferent  values of outlet free-stream  critical-velocity r a t i o  (V/Vcr)fs, 
a re  shown i n  figure  14(a). Similax values  for  the  stator of reference 3 
were calculated  for figure 4 of reference 8, and these values are  pre- 
sented  again  in figure 14(b) of this report. The trend of decreasing 
mamenturn thFckness . a s  the exit velocity  increases can be Been i n  both 
figures  14(a) and (b) . A t  the  design  value of (V/Vcr)fs,2 = 1.107, the 
Btot/c f o r  the  subject  stator is 0.0033 and f o r  the  reference 32-blade 
stator Btot/c is 0.0032; therefore,  the  average rate of boundary-layer 
build-up along the blade surface is about *he same for   the two stators.  - 

In reference 8, which presents a study of mean-section  boundary- 
layer  characterist ics f o r  the s t a t o r  of reference 3, the  momentum- 
thickness t.o chord ratios for the  suction and pressure  surfaces w e r e  
calculated  for  different  exit  velocities.  Similarly, momentum-thickness 
t o  chord ratios were calculated for the  pressure and suction  surfaces of 
the  subject stator. The values  for the eubject stator are  shown in fig- 
ure 15(a), and those  for  the  reference  stator are given again in figure 
15(b). The values of the  suction-surface momentum-thickness t o  chord 
ratio €fs/c of the  subject  stator are higher than  those of the refer- 
ence stator;  however, for  the  pressure  surface the €$,/. values axe 
lower for the  subject stator than  those f o r  the  reference stator. Both 
trends might be  predicted from a comparison of the  velocity  levels  along 
the  surfaces of the two blades  (fig. 4) .  The  more highly loaded s ta tor  
of this report has higher velocit ies on the  suction  surface and lower 
velocities on the  pressure  surface than those of the  reference  stator,  
and the  boundary-layer growth is a function of the  velocity l e v e l  (see 
re f .  8). 

The form factors Htot for the  subject stator are presented  in 
figure 16(a). The values of Qot and the  theoret ical  curve f o r  H 
f o r  the  reference stator have previously been presented  in figure 5 of 

shown in figure 16 the form factor ILtot f o r  both stators is higher 
than H for the  theoretical  simple-power-law- velocity  profile f o r  

- reference 8 and are given again in   f igure 16(b) for  comparison. As 

.1 
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n = 1/7, which indicates that the  displacement  thickness is greater than  
t h a t  for  t he  prof i le  with an exponent of n = 1/7. Even though the  form 
factor   for   the  subject   s ta tor  is slightly  higher  than that of the refer- 
ence s ta tor ,  it follows the same trend with increasing exit velocities; 
and a t  the design  outlet free-stream cri t ical-veloci ty   ra t io  (V/Vcr)is,2 
of 1.1, the form factors of the  two s ta tors  are almost  identical. 

The preceding comparison of the mean-section blade-loss  character- 
i s t i c s  of t he  two s ta tors  i s  good for  the essentially two-dimensional 
flow at the mean sectionj however, a consideration of the three- 
dimensional loss tak.ing in to  account the  losses due t o   t h e  inner and 
outer walls gives a more accurate  determination of t he   t o t a l  loss of 
each s ta tor .  A method fo r  computing t h i s  three-dimensional loss from 
mean-section  boundary-layer parameters i s  presented  in  reference 7. The 
total-pressure  ratios  presented  in  figure 8 of  reference 7 are given 
again i n  figure 17. The two circled  points  in figure 17 are mass- 
averaged  values  of  total-pressure  ratio  across the subject  stator  cor- 
rected  for  total-pressure l o s s  upstream of the   s ta tor   a t t r ibu ted   to   in -  
le t  boundary layer, and they are given here t o  show the agreement be- 
tween the  total-pressure  ratio  obtained by mass-averaging survey  value8 
and that obtained from mean-section  boundary-layer parametera. 

The total-pressure-ratio curve  for   the 32-blade s ta tor  of reference 
3 was also calculated by the  method given in  reference 7. The curves i n  
figure 17 f o r  the two s ta tors   are  smooth because  they were obtained from 
curves  faired  through  the  scatter of points i n  figure 14. It shouldbe 
noted  that  the two curves are almost  identical, which indicates that 
similar performance  might be expected for  both. The fact  that the  refer-  
ence s ta tor  performed s l igh t ly   be t te r  than the  subject  stator is proba- 
bly  attr ibutable  to  different  types of  interference  effects on the  rotor, 
which are not  taken  into  account in studying  stator  losses i n  the  method 
of  reference 7. 

SUMMARY OF RESULTS AND CONCLUDING REMARKS 

In order t o  determine the effect on turbine performance  of a reduc- 
t fon i n  stator-blade  solidity and at the same time  mafntaining zero 
suction-surface  diffusion, a transonic  turbine  with a highly  loaded, 
zero-suction-surface-diffusion  stator was investigated  experimentally, 
with the following results : 

1. A t  design  equivalent  epecific work and design  speed  the  total- 
pressure-ratio  efficiency w a s  0.869. 

”. 

. 
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1. A t  design  equivalent  specific work and design  speed  the t o t a l -  
pressure-rat i o  efficiency was  0.869. 

2. A campasison of the performance of the sub:ect turbine  with  that 
of the turbine of reference 3 with  the same rotor  but a lighter-loaded 
zero-suction-surface-diffusion  stator  with a 25-percent-mater   sol idi ty  
showed that the  stator  losses were about  the same by the  following re- 
su l t s  : 

(a} A t  design point the  subject  turbine had an efficiency which 

(b) The maximum eff icielrc ies  of the two turbines were the same 

(e> A t  off-design conditions the  efficiency of the  subject  turbine 

(d) The blade-loss  characteristics of the two stators were  about the 

only 0.003.lese  than  that of the  reference  turbine. 

(0.878). 

was  at most only 0.02 less than that  of the reference turbine. 

B a m e  at design  operating  conditions. 

This  report shews that s t a to r   so l id i ty  can  be  reduced  without  penal- 
izing  turbine performance if zero  duffusion is maintained on the  suction 
surface. An effective means of maintaining zero  suction-surface dif- 
fusion  for   s ta tors  Is the  three-dimensional  design  procedure  previously 
used for  low-reactlon ro tors .  

L e w i s  Flight Prapulefon Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, December 12, 1955 
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APPENDIX A 

SYMBOLS 

NACA RM E 5 5 D a  

A arc  length from point on suction  surface  to a para l l e l   t o  axis of 
rotation through center of channel ex i t  ( f i g .  2(a) ) , ft 

B arc  length from point on pressure  surface t o  a parallel t o  axis of 
rotation through  center of channel exit (figs.  2(a) and 181, ft 8 w 

b number of blades 

Ah' 

1 

N 

n 

P 

r 

S 

u 
U 

v 
V 

curvature, ft-' 

chord length, f t  

distance in direction normal t o  baundary-layer t ravel ,  f t  

boundary-layer form factor,  S / e ;  %ot = 6 /e 

spec if ic  work output,  Btu/lb 

blade surface  length, In. 
orthogonal  length, f t  

* *  

rotational speed, rpm 

exponent  uaed in  describing  boundary-layer  velocity  profile, 

pressure, lb/eg f t  

radius, f t  

blade spacing, f t  

blade  velocity,  ft/sec 

abscissa in radial  plane of point on blade, ft 

absolute gas velocity,  ft/sec 

ordinate i n  radial  plane of point on blade, f t  



NACA FN E55ma  
1 

1 W weight flow, lb/sec 

X distance along surface from blade  leading edge, in. 
Y distance In direction normal to boundary-layer t r ave l  fn terms 

of &l, Y = d/Efill 

w Z radial distance from hub, f t  

I+ U gas-flow  angle measured from axial   direction, deg 
W 
0 

r "ratio of specific  heats 

6 boundary-layer  displacement  thicknese, f t  

6" r a t i o  of projection of t o t a l  displacement  thickness along a 
circumferential  path  to  blade spacing, (8s + %>I( e cos a) 

6fUll 

& 

full boundary-layer  height, f t  

r a t i o  of Met-air  total pressure to NACA standard  sea-level 
pres sure, P ~ P ~  I 

total-pressure-ratio  adiabatic  efficiency  defined as r a t i o  of 
turbine work based on torque, weight flow, and speed measure- 
ments to ideal work based on i n l e t  total temperature and in l e t  
and outlet  t o t a l  pressure,.  both  defined as sum of s ta t ic   p res -  
sure plus pressure  corresponding to gas velocity 

ql 
local  adiabatic  efficiency  based on to ta l - s ta te  measurements from 

surveys downstream of rotor 

8 c r  squared ratio of c r i t i ca l   ve loc i ty   a t  turbine inlet to c r i t i c a l  - velocity at NACA standard  sea-level  temperature, 
(Vcr,O/Vcr,sZ)' 
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e boundary-layer momentum thickness, ft 

NACA RM E 5 5 D a  

8” mamentum-thickness parameter  defined as (6 ,  + 8 ) / (B COB a) 
P 

P gas density,  lb/cu f t  - 

rp angle i n  radial plane  describing  point on blade  (fig. 181, radians 

Subscripts : 

a v  

c r  

fs 

h 

m i d  

P 

s 

SZ 

t 

t o t  

0 

1 

2 

3 

6 

average 

conditions at Mach  number of 1.0 

conditions at f r ee  stream or that region between blade wakes 

hub 

midchannel 

pressure  surface 

suction  surface 

NACA standard  sea-level  conditions 

t i P  

sum of suction- and pressure-surface  quantities 

s ta t ion upstream of s ta tor   (see  f ig .  1) 

s ta t ion  at s ta tor  channel ex i t  

s ta t ion  at out le t  of stator just upstream of t r a i l i ng  edge 

s ta t ion at free-stream  condition between s ta tor  and rotor 

statfon downstream of turbine  (see f€g. 6) 

Superscript : 

t t o t a l   s t a t e  
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CALCULATION METEODS 

The  following  discussion  presents  equations and metho&  given in 
appendix B of reference 2 (with  changes outlined in reference 1) adapt- 
ed for  use on stators. 

oa 
CD 

Surface  Velocity  Distribution 

By the  simplified  stream-filament  theory of reference 9, the  mid- 
channel  and  suction-  and  pressure-surface  velocity  distributions  can  be 
calculated if one of the  three  velocity  distributions  is knm or 88- 

sumed. The calculation of the  suction-surface  velocity  from an assumed 
midchannel  velocity  can be made by 

v 
S e..[- cSzO (. + cs - y 

V m i a =  4cs 

which  is  the  same as equation (39) of reference 9 expressed in the sym- 
bols of  this  report. In equation (311, Cs is the  curvature of the 
suction  surface at the  end  of  the  orthogonal,  Cp  is the curvature of 
the  pressure  surface at the  end of the orthogonal, and 1, is the  ortho- 
gonal  length  (fig. 5) . 

The  calculation of the  pressure-surface  velocity from  an assumed 
midchannel  velocity  can  be made by 

which is the  same as equation (40) of  reference 9. 

An alternate  method of determining  the  values of equations (B1) and 
(B2) would be to use  figures 17 and 18 Of reference 9. 

The  curvatures Cs and Cp can be determined by a curvometer dls- 
0. cussed  in  appendix B of reference 1. 
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Midchannel Velocity  Distribution , ' 

The midchannel velocity-distribution  calculations were based on the 
following  assumptions : (1) axid symmetry exists, (2) there is n e m -  
gible  shift 'of  streamline in the radial direction, (3) simple  radial 
equilibrium  exists, and (4) the flow follows an angle aav which is the 
average of the  'angles of the  pressure and suction  surface8 measured from 
a paral le l   to   the  axis  af rotation a t  e i ther  end of the  orthogonal. 

The radial .variation of midchannel velocity can  then be obtained by 8 w 

J O  

'mid = 'mid,h e 

where z equals the radial dbtance  from the hub. This is similar t o  
equation (331) of reference 2 ; however, because there is no blGe move- 
ment in the case of stators, one term of the equation is zero-. In  (B3) 
the  angle a,, is the angle given  by  assumption ( 4 ) .  

With a known radial variation of midchannel velocity from hub t o  
t i p  and solutions for eqpations fB1)  and {BZ) .at each end of the ortho- 
gonal,   the  surface  velocity  dbtribut ions can be determined a t  a l l  three 
blade  sections for any assumed velocity  distribution along one of the 
surfaces at either the hub, mean, o r  t l p .  

Weight Flow 

Once the midchannel  and surface  velocity  distributions are deter- 
m i n e d ,  the weight flow that  pmses through an orthogonal  surface  can be 
calculated from 

w = b lo pV dlo dr 

where b equals the number of blades. For the  calculation of equation 
(M), a linear v a r b t i o n  in S t 8 t i C  PreSSLlre w&8 assumed from pressure to . 
suction  surface  along  each orthogonal. 

* 
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TRANSFORMATION OF CYLJXDRLCAL BLADE-DESIGN-SECTION 

COORDINATES TO COORDINA!ES OF P m  TEMPLATES FOR 

17 

BLADE FABRICATION 

In the  design of most conventional  blades it is customary t o  design 
three o r  more blade sections.  For short blades  such as the  sribject stator 
( 2 . 1  in. long radially),   only  the hub, mean, and t i p  design  sections  are 
usually  required. For three-dimensional  turbomachine  blade rows the 
blade-des  ign  sect  ions  extend around cylindrical   surfaces  at  the design 
rad i i   ( f ig .  18). Usually, the azZL0uLl-t the  design  sections wrap around 
the annulus is s m a l l ,  and the distortion  hcurred  by assuming that the 
design  sections are flat instead of cylindrfcal is insignificant. How- 
ever,  the  subject stator wrapped around the  annulus  about 2 2 O ,  and the 
distor t ion would have  been large if the  blade  design  sections had been 
assumed to be f lat  and stacked  parallel t o  each other.  Therefore, to 

2 -  eliminate the  distortion, a. transformation from the  cyl indrical  co- 
1 ordinates of the blade sections  to  coordinates  for f l a t  templates  per- A 

pendicular t o  the  stacking  l ine m~ developed  with the use of automatic 
cornput ing tecbnlques . - 

The transformation of the  coordinates is made as follows: 

(I) A stacking  point w a a  se lected  for  all three  blade  sections. 
For  the  subject  turbine stator t h e  stacking  point was the  center of the 
channel exit of each section  [fig.  2(a) 1, and these  points were st.acked 
on a  radial  line. 

(2)  Equally  spaced axial stations measured from the s$acking point 
were located on each  blade  section. 

(3) A t  each station  the  distances A and B (fig.  2(a) 1 from points 
on the  suction and pressure  surfaces t o  a line through the  stacking  point 
and para l le l  to the axis of rotation were read   for  each  section. In 
order  that   there would be points on each section f o r  each axM stat ion,  
the  suction and pressure  surfaces were extended para l le l  to each  other 
from the   t ra i l ing  edge and were faired upstream of the  leading edge. 

(4) Because the values of A and B are arc  lengths meamred along 
circles  of the  design-section  radii and define a s e t  of cylindrical  co- 

obtained f r o m  the equations 
- ordinates. New C a r t e s L a n  coordinates in a radial plane  (fig. 18) were 
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us = r sin(A/r) 

vs = r cos(A/r) 

NACA RM E55-a 

v = r cos(B/r) P 

where A/r and B/r are values of cp in radians  (fig. 18) . 
(5) A t  each ax ia l   s ta t ion  three points I, J, and K ( f ig .  18) were 

defined f o r  the  pressure  surface  by  step (4) ; and simtlarly  three  points 
were defined f o r  the suction  surface. An equation for a  parabola 
u = f (v)  through  poiuta I, J, and K was obtained  by  use of an automatic 
computing machine solving  the  general  equation of a parabola  through 
these  three  points.  (For this s ta tor  a parabolic  curve w a s  used, but 
l a t e r  work has shown that use of circular  arc^ w o u l d  have been be t te r .  
The reason is that cross  sections of high  cmvature.  cause  the  vertex of 
the  parabola t o  be too  close t o  the blade, so that a parabolic  arc would 
cause  unusually  high  local  curvatures.) 

3 

8 w 

(6) For each  plane  perpendicular t o  the  stacking l i n e ,  a set of * 

points  defining a blade shape was obtained  by  substFtutLng the v-values 
f o r  each plane into  the  equation of s tep (5). The points on each  plane 
were j o k e d  by a fairea line, and a leading edge vas fa i red t o  the  de- 
s i red  leading-edge  radius. The t r a f l i ng  edge was obtained fmm a p l o t  
of the  projection of point D ( f ig .  Zta ) )  f o r  each  section on an axial 
plane through the  stacking  line. A new point D fo r  each  v-valued plane 
was then  read from th i s   p lo t ,  and t h i s  .new point- -determined the  point of 
tangency of the  pressure surface and the trailing-edge  circle f o r  tEe 
new blade  templates. 

1. Miser, James W., Stewart, Warner L., and Monroe, Daniel E.:  Effect 
of High Rotor  Pressure-Surface Diff'ueion on Performance of a Ban- 
sonic  Turbine. NACA RM E55E9a, 1955. 

2 Stewart, Warner L* , Wong, Robert Y .  , and Evans,  David G. : Design 
and Experimental  Investigation of Transonic Turbine w i t h  Slight 
Negative  Reaction Across Rotor Eub. N M A  RM E53L29a, 1954. 
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3. Whitney, Warren J., Stewart, Warner L., and Wong, Robert Y.:  Effect 
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X, in. 

0 
.10 
.20 
.30 
.40 
.50 
.60 
.70 
.80 
.90 
1-00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 
2-40? 
2.50 
2.60 
2.632 
2.70 
2.80 
2.90 
2.918 

TABLE I. - S!I'A.TOR-BIADE-SECTION COORDINATES 

+ ,/-r = 0.020 in. 

" "_ 
Rub I Mean 1 TIP i 

53.3 I 50.5 I 48.833 

'/"t 

0.70 T 
Ys, in. 

0.020 
-145 
.232 
.290 
.331 
.356 
.370 
.373 
.367 
.354 
.335 
.3l3 
.289 
.266 
.243 
.220 
.197 
-174 
.151 
.128 
.lo3 
.081 
.057 
.034 
.ox? 
.005 

rp, in. 

0.020 
.060 
.113 
.148 
.172 
.185 
.192 
.195 
.192 
.189 
.184 
.176 
.168 
.158 
.147 . I36 
.125 
.1l2 . loo 
.a37 
.071 
.057 
.040 
.021 .Ooo 
.005 

t a. 85 
Ye, in. 

0.020 . l.55 
.247 
.310 
.353 
.378 
.390 
.392 
.384 
.368 
.349 
.329 
.308 
.287 
.266 
.246 
.2255 
.205 
.184 
.163 
.141 
.I21 
.loo 
.079 
.058 

.037 
,0165 
.005 

"" 

Yp, in. 

0.020 
. E 2  
.lo2 . l36 
.161 
.176 
.185 
.la7 
.187 
.la4 
.179 
.174 '. 167 
.161 
.153 
.145 
.1375 
.x9 
.119 
.lo8 
.096 
.085 
.070 
.056 
.a1 

.024 

.a355 
,005 

"" 

T t 1. ( 
Ys, in .  

0.020 
.E5 
.207 
.263 
.304 
.329 
.342 
.346 
.342 
.331 
.318 
.300 
-285 
.268 
-253 
,237 
.221 
.205 
.la8 
.173 
.157 
.141 
.125 
* 109 
,092 

.076 

.059 

,044 
.e7 
.or2 
.005 

-"- 

"" 

Yp, in. 

0.020 
.048 
.096 
.124 
.143 
.152 
.155 
,155 - 153 
148 
.145 
.141 
.136 
.132 
.128 
.122 
,117 
.110 
.104 
.098 . Wl 
- 0 8 4  
.076 
-068 
.E9 

. E O  

.040 

.027 

.015 

.m 

.m 

"" 

"" 
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( a )  Subject "blade stator. (b) 32-Blade stator of reference 3 .  

Figure 2. - Stator-blide passages and profilea. 
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(a) m- 
FfLFure 3. - Daslgn stator-surface  velocity d i s tr ibutbns  at hub, mean, and tip 

sections. 
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Blade-mvrfaca length, 1, in. 

(b) km. 

Figure 3. - Continued. Design atator-surface velocity distributions at hub, wan, 
and t i p  sections. 
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0 

Figure 4. - Design surface velocity distributions at  mean 
section f o r  subject stator and stator of reference 3. 
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Figure 5. - Descriptlon of orthogonal surface and aome variables in design procedure. 
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Figure 6 .  - Diagrammatic sketch o f  cold-air turbine test section. I 
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Figure 7 .  - Experimentally obtained performance map based m 
total-pressure r a t i o  across turbine. - 
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c 26 9 I I I 7 

Total-pressure 
ra t io ,  P~JP; 

24 

22 

20 

18 

16 

14 

12 

10 

Weight-flow - speed'parameter, cwN/g (lb)(rpm)/sec 

Figure 8. - Performance map based on total-pressure 
r a t i o  for turbine of reference 3. 
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Total- 
pressure 
r a t i o ,  

P j / P b  

n Above 0.98 
0.96 t o  
0 .94  to 
0.90 to 
0.80 to 
Below 0. 

0.98 
0.96 

0.94 
0.90 

Figure 10. - Contours of total-pressure ratio from detailed surveys near 
the etator trailing edge at design pressure r a t i o  across B t a t o r  for 
stator of reference 3. (Portion of turbine-outlet flow annulus 8 h 0 ~ n  
corresponds to about 1L i t a t o r  passages. ) 
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Figure  12. - Contours of local  adiabatic  efficiency f rom detai led surveys 
downatream of rotor  with  32-blade  stator of reference 3 a t  approximately 
design  conditione.  (Portion of annulus ehown corresponde to about d 
stator  passages. ) 

4 
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Local adiabatic 
ef f ic iency ,  

Above 0.90 
0 .07  to 0.90 
0.85 to 0.87 
0.00 t o  0.85 
Below 0.80 

R l  
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Figure 13. - Varlatlon of naxbum and minimum Local diab&ic efficiencies with radius 
ratio. 
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(a) Subject  stator. *oww, 

3 
E 

.002 
.4 .6 .8 1.0 1.2 

Outlet  f'ree-stream cr i t ical-veloci ty   ra t io ,  
(V/Vcr)fs,2 

(b) 32-Blade stator of reference 3. 

Figure 14. - Total momentum-thickness t o  chord 
r a t i o  as function of out le t  free-stream 
cri t ical-veloci ty   ra t fo  based on total- 
pressure surveys at mean-section trailing 
edge. .. . 
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8 
Q) 
M 

" 
.5  - .7 .9 1. I 1.3 

Outlet free-stream  cri t ical-velocity  ratio,  
(v/vc,)is ,2 

(b) =-Blade s ta tor  of' reference 3. 

Figure 15. - Transonic-turbine stator  surface 
momentum-thickness t o  chord r a t i o  RS func- 
t i o n  of outlet  free-streen c r i t i c a l -  
velocity rat io. 
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(a) Subject  stator. 
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3 

rimental  values of 

2 

w 
" 

8 1  
s +, (a) Subject Zo-blade s ta tor .  

.5 .7 .9 1.1 1.3 1.5 
outlet free-stream  critical-velocity  ratio, ( V / V , , ) ~ ~ , ~  

(b) 32-Blade s ta tor  of reference 3. 

Figure 16.' - Variation  in wake form factor  with out le t   f ree-  
stream critical-velocity  ratio  obtained from surveys behind 
two transonic-turbine  stators. 
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Outlet   free-atream  cri t ical-velocity  ratio,  
% d f s , 2  

Figure 17. - Varlation in  total-presaure ratio 
acro6s stator w i t h  b lade-out le t   cr i t ical-  
velocity  ratio  based on experimental  valuea 
of momentum thickness at mean-section 
t r a i l i n g  edge. 
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Stacking  line- 

section 
s ta t ion  

at 

Figure 18. - Cylindrical and Certesian coordinates of a point 
on a radial plane through a three-dimensional blade. 

NACA - Langley Fxeld. V I .  
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